Abstract--The weathering of chlorite, one of the major minerals of the host rock in the uranium ore deposit at Koongarra, Australia, was examined by X-ray diffraction (XRD) analysis, scanning electron microscopy (SEM), electron microprobe analysis, and transmission electron microscopy (TEM). The conversion sequence of chlorite weathering is: (1) chlorite; (2) (5) kaolinite. This sequence may be more simply expressed as chlorite --~ vermiculite --* kaolinite. The weathering finally changed chlorite into sub-micrometer to micrometer sized Fe minerals and kaolinite. The transformation of chlorite to vermiculite is chemically characterized by an Fe and Mg loss with a slight decrease in the A1/Si ratio. Mg continues to be released throughout the weathering. Fe minerals formed through chlorite weathering are located between chlorite and vermiculite domains (a few p.m in size) at first, and then accumulated between grain boundaries, occasionally forming veins. The distribution of Fe minerals is suggestive of preferential pathways of water movement. The time-dependent nature of mineral alteration demonstrated in the present study must be taken into account for the quantitative estimation of radionuclide migration.
INTRODUCTION
The disposal of high level radioactive waste is now a worldwide concern, involving a variety of scientific fields such as physics, chemistry, geology and biology. Radioactive waste is proposed to be disposed of in rocks at a depth of several hundred meters below the Earth's surface since it has high radioactivity that will persist for a long time. The most probable pathway for the waste to be transported to the Earth's surface is migration through ground water, which also reacts with the host rocks. By water-rock interactions such as weathering, the rock-forming minerals are changed structurally and chemically with time, and the attainment of equilibrium may be delayed or never reached (Dibble and Tiller 1981) . The reactions may take longer than the time specified during the safety assessment of high level waste disposal. Actinides, a major concern because of their long-lasting radioactivity, may flow from the source and react with then-coexisting minerals of the surrounding rock, which vary with time as a function of the weathering mechanisms and kinetics. Radionuclide migration is affected by mineral weathering (Murakami et al. 1991a; Murakami et al. 1992 ) and the effects have been quantitatively estimated (Ohnuki et al. 1991; Murakami and Kimura 1993; Ohnuki et al. 1993) .
The Koongarra uranium ore deposit in the Northt Present address: Mineralogical Institute, Graduate School of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan.
ern Territory, Australia, is one of the sites for natural analogue studies of radionuclide migration (Airey 1986; Airey and Ivanovich 1986) . The ore deposit exists just below the surface to 60 m deep in a tropical monsoon area, The quartz-chlorite schist, host rock, has been subjected to weathering for more than one million years ). Although quartz is resistant to weathering and persists even at the surface, chlorite has been weathered to clay minerals and Fe minerals (Airey 1985) . Figure 1 schematically shows a cross section at Koongarra (modified from Snelling 1980) . The secondary uranium ore deposit, uranyl phosphate and dispersed uranium zones (Figure 1 ), which has been formed by weathering of the primary ore deposit and the precipitation of secondary uranium minerals, is located in the weathered zone which is present from the surface down to approximately 20 m. Uranium is found as uranium phosphates in the secondary ore deposit and it is associated with the weathering products of chlorite downstream from the secondary ore deposit (Snelling 1980) . The latter case is similar to the radionuclide migration which may follow the disposal of high level radioactive waste and continue over geologic time. Details of geology at Koongarra are summarized elsewhere (Snelling 1992) .
Vermiculite, smectite, kaolinite, goethite and hematite are observed, resulting from the weathering of chlorite, in the Alligator Rivers region where Koongarra is a district (Airey 1985 gests that the weathering of chlorite begins with vermiculitization. Vermiculitization is associated with the oxidation of ferrous ions and a loss of Fe and Mg (Gilkes and Little 1972) . More recently, the vermiculitization process has been found to be more complicated. Chlorite is altered to regularly interstratified chlorite/vermiculite, followed by irregularly interstratified chlorite/vermiculite and then vermiculite (Herbillon and Makumbi 1975) . Ross (1975) and Ross and Kodama (1976) pointed out front their experimental results that oxidation of the structural Fe > is essential in the alteration of chlorite, and chlorites having different Fe > contents may react differently under the same weathering conditions. Conversely, Proust et al. (1986) insisted that vermiculitization proceeds by the release of ferrous ions from the 2:1 layers, and is associated with the release of Mg ions from the hydroxide sheets but not by the oxidation of ferrous ions. Different solid alteration products have been identified in the 2 Analytical techniques applied for samples: EMPA-electron probe microanalysis; SEM-scanning electron microscopy; TEMtransmission electron microscopy; and XRD-X-ray diffraction analysis. (Herbillon and Makumbi 1975) ; vermiculite and goethite (Ross et al. 1982) ; kaolinite, Fe oxides and smectite (Proust et al. 1987) ; and Fe 3 § rich smectite (Buurman et al. 1988) . In the present study, the process of chlorite weathering will be elucidated with emphasis on changes in mineral assemblages, textures and compositions. The samples from Koongarra and the analytical techniques applied are listed in Table 1 . The diamond drill holes (DDH) were all drilled at an inclination of approximately 50 ~ so as to intersect the mineralization perpendicular to the schistosity. The exploration percussion holes (PH) were also drilled. The sample names comprise the corehole name and the vertical depth from the surface in meters, for example, DDH3-33.4.
X-ray Diffraction Analysis (XRD)
XRD studies were made of randomly oriented specimens to examine mineral species in bulk samples and on oriented specimens to facilitate clay mineral identifications. For the oriented specimens, the bulk samples were powdered to fine grains and then centrifuged after suspension in water to obtain clay fractions less than 2 l~m in size. The bulk and oriented specimens were analyzed with graphite-monochromatized CuKa at 35 kV and 15 mA or 40 kV and 20 mA. The diffractometer was calibrated using silicon as an external standard.
Heat treatment and cation-saturation methods were used for the identification of the clay minerals. With the heat treatment method, XRD intensities were collected from oriented, air-dried specimens and from the same specimens treated with ethylene glycol. Data collection was repeated after heating the specimens at 450~ for 1.5 h. XRD intensities were collected for some specimens after heating them at 600~ for 1.5 h. With the cation saturation method, the interlayer cations of the specimens were exchanged by Mg ~ § and K + ions. With glycerol treatment after each cation exchange, chlorite, vermiculite and smectite were distinguished from each other by their characteristic peak positions.
Scanning Electron Microscopy (SEM) and Electron Microprobe Analysis (EMPA)
Polished thin sections were observed by light microscopy to roughly understand the mineralogical characteristics of the specimens. After the observations, the specimens were coated with carbon by vacuum evaporation for SEM and EMPA studies. A Hitachi S-650 scanning electron microscope equipped with a Kevex 7000Q energy dispersive X-ray analysis system was used for the SEM and EMPA studies. Because polished, thin sections were used, backscattered electron imaging (BEI) was mostly employed for the SEM studies. The operating voltage was 20 kV and the beam current was 0.1 nA for the EMPA studies. The effective beam size during the operation was 2-3 Ixm. The standards used were: Na, albite; Mg, periclase; A1, corundum; Si, quartz; K, orthoclase; Ca, wollastonite; Ti, rutile; Mn, spessartine; and Fe, hematite. ZAF correction (Kevex software) was made for differential matrix effects. For the present analyses, two standard deviations, that is 2~r for Mg, AI, Si and Fe were less than 0.4 wt% and those for Na, K, Ca, Ti and Mn, less than 0.1 wt%. The structural formulas were calculated based on Ot0(OH) s for chlorite and Om(OH)~ for vermiculite.
Transmission Electron Microscopy (TEM)
Disk specimens of 3 mm in diameter were drilled out from some of the thin sections and ion-thinned for the T E M studies. The ion-thinning method was carried out with a Gatan dual ion mill with a liquid nitrogen cooling cold stage to avoid heat damage of the specimens. The T E M examination was completed on a J E O L 2000FX. High resolution transmission electron microscopy (HRTEM) was employed by using multiple-beam bright field imaging.
RESULTS
Characteristics of Chlorite E M P A studies (Table 2 ) and BEI observations revealed that there are two kinds of chlorites at Koongarra: 1) Fe-rich chlorite; and 2) Mg-rich chlorite. The Fe-rich chlorite is 50-to-300 Ixm in size and the Mgrich chlorite is 2 0 -8 0 ixm in size. The Fe-rich chlorite corresponds to chamosite and the Mg-rich is a clinochlore (Newman and Brown 1987) . The X R D intensity ratios of 1.4 to 0.7 nm peaks of chlorite in DDH3 and D D H 4 cores indicate that chamosite is predominant over clinochlore (Wilson 1987) .
T E M studies of the chamosite grains revealed that each grain of a few tenth m m is not a single crystal but consists of lath-like domains of 10-to-100 nm width, normal to the c* axis, and 100-to-1000 nm in length (Figure 2) . The domains are attached to each other with the c* axis in c o m m o n or share low angle grain boundaries.
Under appropriate H R T E M conditions, the T O T layers can be imaged as broad fringes, the hydroxide sheets as narrower dark fringes, and sites between them as white fringes (Iijima and Buseck 1978; Veblen 1983; Eggleton and Banfield 1985) . Figure 3 shows a sequence of chlorite layers normal to the c* axis by H R T E M . The contrast is reversed compared to that under the appropriate conditions. The white fringes between pairs of the dark fringes correspond to the T O T layers and the gray fringes in pairs o f the dark fringes correspond to the hydroxide sheets. There is stacking disorder in chlorite domains, which results in slightly diffuse streaks in an electron diffraction pattern (for example, Figure 3 an inset arrow). Stacking faults are shown by thick arrows in the H R T E M image (Figure 3) . Because the contrast is reversed in Figure 3 and the faults are located between the T O T layers, the faults are interpreted as i n t e r l a y e r s w i t h o u t the h y d r o x i d e sheets. This means that the interlayers without the hydroxide sheets are those of biotite layers that survived the retrograde chloritization in the Alligator Rivers region (Page et al. 1980 ).
Weathered Products
A series of X R D patterns of the clay minerals in the DDH3 samples is presented in Figure 4 . The spec-imens cover the whole range of the chlorite weathering. Figure 4a indicates the possible existence of chlorite, vermiculite, mica and kaolinite for all specimens except for DDH3-18.9 which is mainly kaolinite. Quartz is identified in every specimen. Micaceous minerals (peaks at 1.0 nm) are not always found in the specimens (for example, DDH3-25.9 in Figure 4a) .
The XRD patterns show no significant change in ethylene glycol solvation except for that of DDH3-20.6, but, upon heating to 450~ the XRD patterns change significantly (Figure 4) . After heating the specimens at 450~ the 1.4 nm peak is present in DDH3-33.4, -25.9 and -24.5, and in DDH3-24.1, although it was very weak in intensity, but it was absent in DDH3-22.0 and shallower specimens (Figure 4b) . The presence and absence of the 1.4 nm peak upon heating corresponded exactly to the presence and absence of chlorite.
VERMICULITE. The 1.4 nm peaks in DDH3-22.0 and -20.6 are attributed to vermiculite because of the disappearance of the 1.4 nm peaks upon heating to 450~ and the peak shift after K-saturation and glycerol solvation. Because the peak at 1.4 nm of DDH3-22.0 was not shifted by Mg-saturation and glycerol solvation and it was shifted to 1.0-1.1 nm by K-saturation and glycerol solvation, the vermiculite is estimated to have a layer charge of 0.7-0.8 e.s.u./half unit cell (Suquet et al. 1977) .
KAOL~ITE. The 0.7 nm peaks persist after the disappearance of 1.4 nm peaks upon heating to 450~ for (Figure 4b ), indicating that kaolinite is present at a depth of 22.0 and shallower. The small peak at 0.7 nm remaining on heating to 450~ for DDH3-24.1 ( Figure 5 ) is attributed to chlorite. These suggest that kaolinite begins to form at a depth between 22 and 24 m. CHLORITE/VERMICULITE INTERGRADE. The peak at 1.4 nm of DDH3-24.1 appearing on K-saturation and glycerol solvation was first considered to be that of chlorite ( Figure 5 , shorter-tailed arrow). If the chlorite had had the same characteristics of the primary chlorite, the peak at 1.4 nm would have remained after heating to 450~ However, a smaller peak at 1.4 nm remained after heating, than that after K-saturation and glycerol solvation ( Figure 5 ). This suggests that a phase other than chlorite contributes to the peak at 1.4 nm. This phase behaves as chlorite upon K-saturation and glycerol solvation and as vermiculite upon heating, indicating that the phase is chlorite/vermiculite intergrade (Wilson 1987) . Sample DDH3-24.5 showed the same responses to the treatments as those of DDH3-24. I. In addition to the increase in intensity at 1.0-to-t.1 nm, the decrease in the intensity ratio of the 1.4/0.7 nm peaks upon heating to 450~ is greater than those for DDH3-33.4 and -25.9, which contain chlorite but not its weathered products. Tile intensity ratio of the 1.4/ 0.7 nrn peaks upon K-saturation and glycerol solvation is similar to that on Mg-saturation and glycerol solvation. Thus, DDH3-24.5 contains chlorite/vermiculite intergrade as well as chlorite.
INTERSTRATIFIED CHLORITFJVERMICUL1TE. The peak appearing upon K-saturation and glycerol solvation shown by a longer-tailed arrow in Figure 5 suggests the presence of a phase other than chlorite or vermiculite. Because chlorite/vermiculite interstratified minerals have been often observed (Herbillon and Makumbi 1975) , an XRD theoretical profile of interstratified chlorite/vermiculite was calculated by the method given by Kakinoki and Komura (1952) and Watanabe et al. (1974) , and compared to the observed profile ( Figure 5 ). The calculated profile fit the observed one best when it was assumed that the ratio of chlorite:vermiculite (including chlorite/vermiculite intergrade) was 3:7, and that the interstratified chlorite/vermiculite had a randomly interstratified structure. Therefore, the phase shown by the longer-tailed arrow in Figure 5 is interstratified chlorite/ vermiculite with 0.3 chlorite and 0.7 vermiculite. The calculation also showed that the presence of interstratiffed chlorite/vermiculite justified the high intensity ratio of 1.4/0.7 nm peaks on Mg-saturation and glycerol solvation ( Figure 5 ). Broad peaks at 1.2 nm of DDH3-24.1 and -22.0 appeared upon heating (arrows in Figure  4b ) also support the evidence of the presence of interstratified chlorite/vermiculite (Johnson 1964 ). Thus, DDH3-24.1 is unique, it contains chlorite ( Figure 5 , a small peak at 1.4 nm upon heating to 450~ chlorite/ vermiculite intergrade and interstratified chlorite/vermiculite. The high intensity ratio of 1.4/0.7 nm peaks after Mg-saturation and glycerol solvation and the low intensities at 1.4 nm peaks after K-saturation and glycerol solvation and upon heating to 450~ suggests that the major phase of DDH3-24.1 is interstratified chlorite/ vermiculite, and that chlorite and chlorite/vermiculite intergrade are minor.
OTHER MINERALS. Goethite and hematite were also found in the weathered zone in addition to kaolinite. Goethite occurred from the bottom of the weathered zone to the surface. A M/3ssbauer study revealed the presence of ferrihydrite ) that is difficult to be detected by XRD.
A peak profile change of DDH3-20.6 was observed upon Mg-saturation and ethylene glycol solvation as shown in Figure 6 where the 1.4 nm peak of the airdried sample was changed to form a 1.4 nm peak with less intensity accompanied by a shoulder at a lower angle by ethylene glycol. This fact indicates that part of the 1.4 nm peak of the air-dried sample is attributed to smectite.
Chemical Analyses of Weathered Products
The composition of minerals analyzed by EMPA are listed in Table 2 . The kaolinite grains were too small in size to be analyzed by EMPA, and they are not listed.
Because the XRD results revealed that vermiculite has a layer charge of 0.7-to-0.8, the cation numbers in vermiculite were calculated assuming a layer charge of 0.8. The analyses of vermiculite show that the vermiculite is intermediate between dioctahedral and trioctahedral (2.2-to-2.5 for octahedral cations per OI0(OH) 2 in Table 2 ). This conclusion is also supported by the XRD results: the (060) nm and broad ones at 0.149 nm with broad shoulders between the two peaks. A similar observation was made by Ross et al. (1982) . Because DDH3-20.6 contains kaolinite, there must be kaolinite contributed to the peak at 0.149 nm of DDH3-20.6. During the conversion of chlorite to vermiculite, the numbers of Si and A1 ions do not change significantly while those of Fe and Mg ions decrease significantly ( Table 2 ). The mole ratios of Fe and Mg to total cations were calculated in order to clearly understand the decrease in Fe and Mg cations with weathering. The mole numbers of the cations were calculated based on the data in Table 2 . The range from 20-to-25 m corresponds to the transition zone where chlorite is weathered to kaolinite. In the conversion, the Fe mole fraction in weathered chamosite decreases significantly while that in weathered clinochlore slightly decreases (Figure 7a) . Conversely, the Mg mole fraction in weathered clinochlore decreases significantly while that in weathered chamosite slightly decreases ( Figure  7b ). At the final stage of vermiculitization, the Fe/Mg mole ratio is similar to weathered chamosite and clinochlore (see "vermiculite" in Table 2 ). The analyses of the samples in the last two columns of weathered clinochlore ("vermiculite" in Table 2 ) are the Fe-and Mg-poorest ones for vermiculite in the present study. These may be the most weathered vermiculite.
Fe released during the conversion of chlorite to vermiculite may be consumed to form ferrihydrite, goethite and hematite, the Fe minerals abundant in the weathered zone. Because Mg is only found as an im- purity of kaolinite in the weathered zone, most of the Mg released during the conversion dissolves into ground water.
Textures of Weathered Rocks
The unweathered samples have a schistose texture with alternating parallel quartz and chlorite grains. The chamosite and clinochlore are distinct not only in size, but also in contrast of the BEI micrograph, the latter is much darker (Figure 8a ). Figure 8b indicates that a partially weathered chamosite (sample DDH3-24.1 from the transition zone between the unweathered and weathered zone in Figure 1 ) is chemically inhomogeneous and has a layer texture with alternating white and gray contrast containing precipitates of Fe minerals (brightest areas). The XRD results revealed that DDH3-24.1 contains chlorite, chlorite/vermiculite intergrade, and interstratified chlorite/vermiculite. The Fe content in chamosite is greater than that in vermiculite by about 15 wt% (Table 2 , as oxide forms), suggesting chamosite is brighter in contrast of BEI micrographs than vermiculite. Therefore, the alternating white and gray contrast probably correspond to chamosite-rich and vermiculite-rich domains, respectively. The Fe mineral precipitates are often found between chamosite-rich and vermiculite-rich domains of slightly weathered chamosite grains (Figure 8b , smaller, straight arrow). They are accumulated in the weathered chamosite as weathering progresses (Figure 8b , larger, straight arrow). The occurrence of Fe minerals suggests that Fe precipitates as Fe minerals soon after the Fe is released from chamosite by weathering. Figure 8c shows the Fe mineral distribution in sample DDH4-23.3 from an intensely weathered part next to a fracture (Figure 8c, top) , to an intermediately weathered part (Figure 8c , middle and bottom). The degree of weathering of an area is less and less as the area is distant from the fracture. Fe minerals are dora inant with scattered quartz grains (Figure 8c , massive, gray in contrast at the upper part) in the intensely weathered part where clay minerals are also abundant (Figure 8d , gray in contrast). In the middle of Figure  8c , Fe minerals are seen to occur at grain boundaries of quartz (massive, gray in contrast). Veins consisting of mainly Fe minerals are often found in the weathered samples. Figure 8c shows how weathering propagates along a fracture. The schistosity in Figure 8c is parallel to the fracture. Fine-grained Fe and clay minerals ( Figure  8d white and gray areas, respectively) along with quartz ( Figure 8d , black area) are found near the fracture as found in the weathered zone while the original texture is still preserved at the bottom (Figure 8c ). The degree of weathering indicates that the weathering started at the fracture and then progressed vertically to the fracture toward the bottom of the section, especially at grain boundaries. When fractures intersect schistosities, weathering is found to progress along the schistosities. The weathering propagation along fractures mentioned above was observed in the transition zone. When the weathering along fractures is completed, vermiculite disappears and the weathered zone appears. Fractures were also observed in the unweathered zone, generally without weathering.
Coarse-grained, weathered products are not seen but Fe minerals and clay minerals (probably kaolinite by XRD) of sub micrometers in size are dominant as well as quartz in the weathered zone. The original schistose texture is retained up to 8 m depth but not retained at 2.3 m depth.
D I S C U S S I O N
The X R D results are summarized as follows, the conversion sequence for the layer silicates from chlorite to kaolinite is: (1) chlorite; (2) chlorite/vermiculite intergrade; (3) interstratified chlorite/vermiculite; (4) vermiculite; and (5) kaolinite. The formation of chlorite/vermiculite intergrade m a y be due to the incomplete transformation from chlorite to vermiculite. Vermiculite occurring during the conversion is intermediate between dioctahedral and trioctahedral. Smectite was found only in sample DDH3-20.6, which also contained vermiculite and kaolinite. S o m e studies reported that smectite occurs as a weathered product (Herbillon and M a k u m b i 1975; Proust et al. 1987 ; B u u r m a n et al. 1988). Although smectite could occur during the conversion of vermiculite to kaolinite, the lifetime of the smectite must be short compared with that of vermiculite.
The conversion sequence may be more simply expressed as chlorite --~ vermiculite --~ kaolinite. On the basis of the X R D results, the presence of the clay minerals can be described as a function of depth. Chlorite, which is not weathered even at 26 m in depth from the surface vertically, rapidly decreases between 25 and 24 m in depth, and disappears at 23 m. Vermiculite appears at 25 m depth and kaolinite begins to persist at 23 m depth. Vermiculite disappears at 20 m where kaolinite is p r e d o m i n a n t as it is in the shallower zone, The vermiculite-present zone corresponds to the transition zone where weathering was observed to propagate along fractures.
The Fe mole fraction in weathered chamosite decreases significantly while the M g mole fraction de- (Ross and Kodama 1976) ; solid star (*) trioctahedral vermiculite (Newman and Brown 1987) ; solid triangle (l) montmorillonite (Foster 1953) ; solid circle (0) beidellite (Weir 1965) ; and cross (X) kaolinite with ideal composition.
creases slightly (Figure 7) . Conversely, the Fe mole fraction in weathered clinochlore decreases slightly while the Mg mole fraction decreases significantly (Figure 7 ). Ross and Kodama (1976) (Table 2 ). These suggest that the Fe and Mg contents play a similar role in vermiculitization.
The change in ratios of Si:Al(total):(Fe + Mg) with vermiculitization is shown in Figure 9 along with the ratios of reference minerals. The vermiculitization is characterized by a significant Fe and Mg loss with a slight decrease in the A1/Si ratio with progress in weathering. The results by Ross and Kodama (1976) show that the compositional change from chlorite (solid diamond in Figure 9 ) to interstratified chlorite/vermiculite (solid square) approximately falls into a line of the change from chlorite to normal trioctahedral vermiculite (solid star). On the other hand, chlorite in the present study (open diamonds, triangles and circles) apparently changes its composition toward that of kaolinite (cross) or beidellite (solid circle), but not that of montmorillonite (solid triangle) or normal trioctahedral vermiculite (solid star). The compositional change progresses through a mixture of chlorite/vermiculite (open squares) including chlorite, chlorite/ vermiculite intergrade and interstratified chlorite/vermiculite. The change in the ratio of Si, AI and (Fe + Mg) and the decrease in total octahedral cation numbers (Table 2) with progress in weathering suggests that vermiculite forms as trioctahedral first and becomes dioctahedral by losing octahedral cations with progress in weathering. This is consistent with the presence of an intermediate trioctahedral-dioctahedral structure of vermiculite (Ross et al. 1982 ) and a di-octahedral one (Proust 1982) by chlorite weathering repotted previously,
The conversion from chlorite to vermiculite probably occurs layer-by-layer because the morphology of chlorite grains remains during vermiculitization and the grains of weathered chlorite have a layer texture with alternating chlorite-rich and vermiculite-rich domains. Fe released during the transformation forms Fe minerals which are distributed between chlorite and vermiculite domains as sub-micrometer size grains, and then accumulated within the host grains. But, the formation mechanism of kaolinite is ambiguous, no evidence for transformation or precipitation was found. Although the kaolinite grains were too small in size to be analyzed by EMPA, the composition of kaolinite may be similar to an ideal kaolinite composition (Newman and Brown 1987) . Thus, Fe is again released during the formation of kaolinite, forming Fe minerals which are distributed at grain boundaries and fractures. The additional accumulation of Fe minerals during the formation of kaolinite was confirmed by chemical analysis (Murakami et al. 1991b ). The Fe mineral distribution in a rock is suggestive of water pathways. Most of Mg released by the chlorite weathering is leached away from the system because the weathered products contain much less Mg than chlorite. This is consistent with a high Mg content (about 20 ppm) in ground water .
